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 6 
Abstract 7 
The analogue of the mineral monetite CaHPO4 has been synthesised and the Raman and 8 
infrared spectra of the natural monetite originating from the Murra-el-elevyn Cave, Eucla, 9 
Western Australia, compared. Monetite is formed by the reaction of the chemicals in bat 10 
guano with calcite substrates.  11 
Monetite is characterised by a complex set of phosphate bands which arise because of two 12 
sets of pairs of phosphate units in the unit cell.  Raman and infrared bands are assigned to 13 
HPO4-, OH stretching and bending vibrations.  Infrared bands at 1346 and 1402 are assigned 14 
to POH deformation modes. 15 
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1. Introduction 19 
Monetite is a mineral with the chemical formula CaHPO4 and is often found in caves and is 20 
often regarded as a ‘cave’ mineral [1, 2]. The mineral is understood to be a precursor of 21 
apatite and is found in guano-rich caves, formed by the interaction of bat guano with calcite 22 
at a low pH [3, 4]. It forms crystals of prismatic shape having a monoclinic crystal structure. 23 
The mineral will transform to brushite upon hydration. The mineral has been identified in 24 
quite a large number of Australian caves including the Jenolan Caves (New South Wales) 25 
Skipton Lava Tube caves, (southwest of Ballarat, Victoria) and at Moorba cave (Jurien Bay, 26 
Western Australia).  These caves have been in existence for eons of time and have been dated 27 
as more than 350 million years old.  There are many minerals that form in these caves besides 28 
monetite and brushite, some of which include archerite (K,NH4)(H2PO4) [5], mundrabillaite 29 
(NH4)2Ca(HPO4)2·H2O [6] and stercorite Na(NH4)HPO4·4H2O.  These ‘cave’ minerals occur 30 
as crusts on stalactites and as crusts on the walls and floors of the caves.   31 
 32 
The structure of monetite is triclinic with four molecular units per unit cell.  Two distinct sets 33 
of pairs of phosphate units are found in each primitive cell [7].  The phosphate units are 34 
related by a centre of symmetry.  This means that there will be no coincidences between the 35 
Raman and infrared spectra. Each member of a hydrogen phosphate pair is related to the 36 
other by a centre of symmetry.  This structural affects the factor group splitting.  This will 37 
determine the number of bands for each vibrational mode.  The original papers on the 38 
infrared spectrum of isolated phosphate units was published by Lazarev [8].  Of course, 39 
Phosphates structures are different. Usually they have rather low symmetry: orthorhombic, 40 
monoclinic, or even triclinic although some of them are hexagonal [9].   Farmer based upon 41 
the work of Petrov et al. [10-12] made a comparison of the results of the vibrational spectrum 42 
of a series of calcium phosphates.  Farmer reported the symmetric stretching mode of 43 
monetite as 967 cm-1.   Xu et al. [13] studied the effect of pressure on the infrared spectrum 44 
of synthetic dicalcium phosphate dihydrate CaHPO4·2H2O and anhydrous dicalcium 45 
phosphate CaHPO4. These, of course, are the synthetic analogues of the two minerals brushite 46 
and monetite. Casciani and Condrate published data on a number of calcium phosphate 47 
minerals including synthetic monetite and brushite and related compounds [7].  These 48 
workers determined these bands for monetite at 946 and 983 cm-1.  These bands correlate to 49 
the P-O symmetric stretching modes.   50 
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 51 
The amount of published data on the vibrational spectroscopy of ‘cave’ minerals including 52 
the phosphates is quite limited.  Further, there is almost no Raman data of the phosphate 53 
‘cave’ minerals.  The Raman spectra of the phosphate cave mineral monetite have never been 54 
reported. Raman spectroscopy has proven most useful for the study of mineral structures [14-55 
19]. The objective of this research is to report the Raman and infrared spectra of monetite and 56 
to relate the spectra to the molecular structure of monetite.  57 
 58 
2. Experimental 59 
 60 
2.1 Mineral 61 
Monetite was synthesised as follows: Sodium phosphate solution was prepared by dissolving 62 
52.17 g of sodium phosphate dibasic in 1000 ml of water.  Calcium chloride solution was 63 
prepared by dissolving 54.03 g of calcium chloride dihydrate in 200ml water.  To a 2L 64 
reactor 200ml of deionized water was added, stirred, then 20ml calcium chloride solution and 65 
100 ml sodium phosphate solution were added simultaneously. The pH of the resultant 66 
solution and maintained  between 4-5 by sodium di-hydrogen phosphate solution. If pH is too 67 
low, a small amount of Na2CO3 solution was added to raise the pH. Two pumps were used to 68 
control the flow rate so that the addition of both CaCl2 solution and Na2HPO4 solution 69 
occurred simulatineously. The temperature of precipitation is 98°C. The resulting slurry was 70 
filtrated and solids were thoroughly washed with deionized water, dried at 105°C overnight. 71 
The mineral monetite originated from Murra-el-elevyn Cave, about 200 km east of 72 
Balladonia, Western Australia. Details of the mineral have been published (page 21) [20].  73 
The mineral sample consists of a matrix of newberyite with yellowish-brownish crystals of 74 
monetite superimposed upon this matrix.  75 
 76 
2.2 X-ray diffraction 77 
The monetite analogue was placed upon an ultra thin film of paraffin wax (Vaseline). In this 78 
way a minimal amount of the quite precious ‘Cave’ mineral brushite is used. X-ray 79 
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diffraction patterns were collected using a Philips X'pert wide angle X-ray diffractometer, 80 
operating in step scan mode, with Cu K radiation (1.54052 Å). The Philips PANalytical 81 
X’pert PRO diffractometer was operating at 40 kV and 40 mA with 0.25° divergence slit, 82 
0.25° anti-scatter between 5 and 15° (2θ) at a step size of 0.0167°. For XRD at low angle 83 
section, it was between 1.5 and 8° (2θ) at a step size of 0.0167° with variable divergence slit 84 
and 0.125° anti-scatter. 85 
 86 
2.3 Raman spectroscopy 87 
Crystals of monetite or its synthetic analogue were placed on a polished metal surface on the 88 
stage of an Olympus BHSM microscope, which is equipped with 10x, 20x, and 50x 89 
objectives. The microscope is part of a Renishaw 1000 Raman microscope system, which 90 
also includes a monochromator, a filter system and a CCD detector (1024 pixels). The Raman 91 
spectra were excited by a Spectra-Physics model 127 He-Ne laser producing highly polarised 92 
light at 633 nm and collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in 93 
the range between 100 and 4000 cm-1. The natural monetite fluoresced very badly. 94 
Consequently the incident excitation wavelength of 780 nm was used. Repeated acquisition 95 
on the crystals using the highest magnification (50x) was accumulated to improve the signal 96 
to noise ratio in the spectra. Spectra were calibrated using the 520.5 cm-1 line of a silicon 97 
wafer.   98 
The Raman spectrum of the natural monetite was extremely difficult to collect and most 99 
times the spectrum of newberyite was obtained.  The spectra suffer from a lack of signal and 100 
the spectra seem to be effected by the presence of other cations in the mineral.  The spectra 101 
are superimposed on an intense fluorescent background.   102 
2.4 Infrared spectroscopy 103 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a smart 104 
endurance single bounce diamond ATR cell. Spectra over the 4000525 cm-1 range were 105 
obtained by the co-addition of 128 scans with a resolution of 4 cm-1 and a mirror velocity of 106 
0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio. 107 
Band component analysis was undertaken using the Jandel ‘Peakfit’ (Erkrath, Germany) 108 
software package which enabled the type of fitting function to be selected and allowed 109 
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specific parameters to be fixed or varied accordingly. Band fitting was done using a Lorentz-110 
Gauss cross-product function with the minimum number of component bands used for the 111 
fitting process. The Lorentz-Gauss ratio was maintained at values greater than 0.7 and fitting 112 
was undertaken until reproducible results were obtained with squared correlations ( r2) 113 
greater than 0.995.  Band fitting of the spectra is quite reliable providing there is some band 114 
separation or changes in the spectral profile.   115 
3. RESULTS AND DISCUSSION 116 
3.1 X-ray diffraction 117 
The XRD patterns of the synthesised monetite and the reference pattern are displayed in the 118 
in Fig. 1. The XRD pattern of the synthesised monetite matches that of the reference pattern 119 
exactly. The XRD of the Cave mineral monetite clearly proves that the collected mineral 120 
sample was indeed monetite.  Traces of calcite and quartz may also be observed but are 121 
minor components.  The peak at around 45 degrees two theta is due to the presence of 122 
paraffin wax.   123 
 124 
3.2 Spectroscopic Background 125 
In aqueous systems, the Raman spectra of phosphate oxyanions show a symmetric stretching 126 
mode (ν1) at 938 cm-1, an antisymmetric stretching mode (ν3) at 1017 cm-1, a symmetric 127 
bending mode (ν2) at 420 cm-1 and a ν4 bending mode at 567 cm-1 [21-23]. S.D. Ross in 128 
Farmer’ treatise (page 404) listed some well-known minerals containing phosphate which 129 
were either hydrated or hydroxylated or both [24]. The vibrational spectrum of the 130 
dihydrogen phosphate anion has been reported in Farmer. The PO2 symmetric stretching 131 
mode occurs at 1072 cm-1 and the POH symmetric stretching mode at ~878 cm-1. The POH 132 
antisymmetric stretching mode was at 947 cm-1 and the P(OH)2 bending mode at 380 cm-1.  133 
The band at 1150 cm-1 was assigned to the PO2 antisymmetric stretching mode.  The position 134 
of these bands will shift according to the crystal structure of monetite.  135 
 136 
3.3 Spectroscopy 137 
The Raman spectrum of the monetite analogue in the 650 to 1250 cm-1 region and the 138 
infrared spectrum in the 500 to 1200 cm-1 region are shown in Figs. 2a and 2b respectively.  139 
6 
 
The Raman spectrum of the natural Cave monetite is given in Figure 3. The Raman spectrum 140 
of the synthetic monetite analogue is dominated by an intense band at 987 cm-1 with a 141 
shoulder at 953 The Raman spectrum of the natural monetite displays an intense sharp band 142 
at 984 cm-1 with a low intensity shoulder at 965 cm-1. These two bands are assigned to the ν1 143 
symmetric stretching mode.  Casciani and Condrate published data on a number of calcium 144 
phosphate minerals including synthetic monetite and brushite and related compounds [7].  145 
These workers determined these bands for monetite at 946 and 983 cm-1.  These bands 146 
correlate to the P-O symmetric stretching modes.   147 
 148 
Farmer based upon the work of Petrov et al. [10-12] made a comparison of the results of the 149 
vibrational spectrum of a series of calcium phosphates.  Farmer reported the symmetric 150 
stretching mode of monetite as 967 cm-1.   For the related mineral brushite the bands are 151 
observed at 985 and 1000 cm-1.  The series of bands at 1069, 1093, 1130 and 1137 cm-1 are 152 
described as the PO antisymmetric ν3 stretching modes. The low intensity Raman bands of 153 
the natural cave monetite at 1055, 1155 and 1171 cm-1 are attributed to the HPO42- 154 
antisymmetric ν3 stretching modes.  Casciani and Condrate tabled these bands at 1060, 1086, 155 
1126 and 1140 cm-1. They divided the data into two sets and labelled the two pairs of bands 156 
as v3‘ and v3”.  Further, Casciani and Condrate described a third band at 895 cm-1 as also a  157 
v3”’ antisymmetric stretching mode.  In the spectrum as shown in Fig. 2a we observe this 158 
band at 898 cm-1.  Xu et al reported the FT Raman spectrum of synthetic monetite [13].  They 159 
assigned the band at 988 cm-1 to the ν1 symmetric stretching vibration and the bands at 1095 160 
and 1133 cm-1 to the ν3 antisymmetric stretching vibration.  The position of these bands are in 161 
excellent agreement with the bands reported for the cave mineral monetite reported in this 162 
work.   163 
 164 
In the infrared spectrum (Fig. 2b) the ν1 symmetric stretching mode observed as a band at 992 165 
cm-1 is far less intense compared with the intensity of the bands in the Raman spectrum.  166 
Casciani and Condrate tabled this band at 1000 cm-1. The v3”’ antisymmetric stretching 167 
modes are observed in the infrared spectrum at 1070, 1135 and 1188  cm-1.  Petrov [10-12] 168 
reported the antisymmetric stretching modes at 1070, 1130 and 1170 cm-1.  The IR peaks for 169 
monetite reported by Casciani and Condrate are at 1070, 1130 and 1170 cm-1. A series of 170 
bands are observed in the infrared spectrum at 821, 864, 893 and 913 cm-1. These bands are 171 
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attributed to POH stretching vibrations.  The observation of multiple bands suggests that 172 
there is variability in the POH bond strengths.  Casciani and Condrate reported this band at 173 
790 cm-1.  Xu et al. [13] reported the symmetric stretching mode at 996 cm-1 and the infrared 174 
bands at 1016, 1070, 1132 to 1176 cm-1 to the antisymmetric stretching modes.  175 
 176 
The Raman spectra of the monetite analogue and the natural Cave monetite in the 300 to 700 177 
cm-1 region are displayed in Figures 4a and 4b.  The Raman bands observed at 549, 569, 573 178 
and 588 cm-1 of the synthetic monetite analogue are assigned to the ν4 bending modes. The 179 
Raman spectrum of the Cave mineral monetite displays bands at 499, 521 and 535 cm-1.  180 
Petrov et al. [10-12] stated that the ν4 bending modes were at 530, 566 and 581 cm-1.  Xu et 181 
al. [13] found Raman bands at 562, 574 and 591 cm-1 and assigned these bands to the ν4 182 
bending modes.  Casciani and Condrate listed Raman bands at 539 and 553 cm-1 (ν4’”); 569 183 
cm-1 (ν4”); and 583 cm-1 (ν4’). They distinguished between the bending modes of the different 184 
non-equivalent phosphate units in monetite.   Raman bands for the monetite analogue are 185 
observed at 391, 416 and 429 cm-1.  For the Cave mineral monetite, Raman bands are 186 
observed at 374, 398 and 413 cm-1.  An additional broad band for the synthetic monetite 187 
analogue was found at 470 cm-1 and in the light of previous works was assigned as a 188 
combination band.  These bands are assigned to the ν2 bending modes. Casciani and Condrate 189 
[7, 25] tabled these bands at 390, 413 and 423 cm-1.  Petrov et al. [10-12] found the bands at 190 
398, 405, 428 cm-1.   191 
 192 
The Raman spectra of the monetite analogue and the natural Cave monetite in the 100 to 300 193 
cm-1 region are displayed in Figures 5a and 5b.  A number of bands for the synthetic monetite 194 
analogue are observed in the far low wavenumber region at 144, 178, 225 and 269 cm-1.   195 
These bands may be described as lattice modes.  Greater complexity for the natural monetite 196 
is shown compared with the synthetic analogue.  Predominant Raman bands are observed at 197 
158, 195, 215, 251 and 282 cm-1.  Xu et al. found Raman bands at 143, 182 and 274 cm-1. 198 
These bands may be described as lattice vibrations.  199 
 200 
The infrared spectrum of the monetite analogue in the 1250 to 1900 cm-1 region is reported in 201 
Figure 4.   Two sharp bands are found at 1346 and 1402 cm-1 and are assigned to the P-OH 202 
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deformation modes.  Casciani and Condrate [7, 25] reported these infrared bands at 1350 and 203 
1400 cm-1. Raman bands with very low intensity are observed at 1300, 1415, 1434 and 1450 204 
cm-1.   It should be noted that there is no water in the structure of monetite. Thus, no spectra 205 
in the 3000 to 4000 cm-1 were observed. If water is present then it is more likely that the 206 
mineral is brushite.   207 
 208 
4. CONCLUSIONS  209 
Monetite is an anhydrous phosphate mineral of formula CaHPO4 commonly found in caves in 210 
Australia. The mineral is formed through the reaction of bat guano with calcite. Monetite 211 
shows extensive solubility and can translocate through cave systems and can deposit on cave 212 
surfaces under the right conditions.  In order to mimic the formation of monetite in caves, we 213 
have synthesised the phosphate compound which is the analogue of monetite.   214 
 215 
The structure of monetite depends upon two sets of pairs of phosphate units in the primitive 216 
cell.  As a consequence of this arrangement, factor group splitting occurs resulting in the 217 
observation of many more bands than might be expected. Further splitting occurs because of 218 
the pairs of phosphate units.  Thus two sets of symmetric stretching modes at 953 and 987 219 
cm= are observed and three sets of antisymmetric stretching vibrations at (a) 898 cm-1 (b)  220 
1069 and 1093 cm-1 (c) 1130 and 1137 cm-1.  The non-equivalence of the phosphate units are 221 
also reflected in the phosphate bending modes. Three ν2 bending modes are observed at 391, 222 
416 and 429 cm-1.  Multiple bands are observed in the ν4 bending region as well with Raman 223 
bands observed at 549, 569, 573, and 588 cm-1.  224 
A natural sample of monetite from a Cave was analysed by Raman spectroscopy. However 225 
great difficulty was experienced in attempting to obtain quality spectrum. Some of the bands 226 
paralleled the spectrum of the synthetic analogue. 227 
 228 
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